ABSTRACT Dynamic wireless charging technology can supply power for electric vehicle (EV) while it is in-motion. However, the system output stability is heavily influenced by the mutual inductance variation of the magnetic coupler, which is a major drawback of the EV dynamic wireless power transfer (EV-DWPT). This paper focuses on the primary coil design and its activating method. First, the LCC compensation network was adopted in both primary side and pick-up side of the system to achieve the constant primary current characteristic. Subsequently, a double-coil excitation method with the crossed-DD coil structure was proposed, which specifically concentrates on the feature of the dynamic mutual inductance. Simulation studies were carried out to prove the effectiveness of the proposed system. An EV-DWPT system prototype was performed to further verify the theoretical and simulation results.
I. INTRODUCTION
Wireless Power Transfer (WPT) system can transfer the power from a power source to electrical equipment without the usage of wires or cables. There are different WPT approaches, such as inductive coupling, capacitive coupling, magnetic resonant coupling, and microwaves. In recent decades, WPT technology has been used extensively to supply power to household appliances, means of transportation, biological implants etc. [1] - [3] . A large number of research has been focused on the power transfer efficiency, system stability, misalignment tolerance, transmission distance, and circuit optimization of the WPT system [4] - [6] .
Due to issues related to environment pollution and fossil energy crisis, the electric vehicles (EVs) have been widely developed around the world. The foremost existing charging infrastructures for EVs are conductive chargers. This kind of wired solution requires human involvement, which needs tediously long and heavy wires to connect the EV and the charger. WPT technology offers an alternative solution for charging the EVs in a contact-free manner. This technology not only effectively overcomes the shortcomings of the existing wired charging, but also is more convenient for automatic parking and other related frontier vehicle technologies. Furthermore, it complies with EVs' future development tendency. As a result, WPT technology in EV application has become an important research field, for both research groups and business enterprises globally [7] - [9] . For the EV application, WPT technology can be divided into two categories based on the EV's operation, namely EV Stationary Wireless Power Transfer (EV-SWPT) and EV Dynamic Wireless Power Transfer (EV-DWPT), as shown in Fig. 1 . Magnetic coupler is a key part for an EV-SWPT system, and it consists of a primary transmitter coil embedded in the charging station or home parking ground, and a pick-up coil installed underside the EV. EV-SWPT technology can handle issues related to the convenience and automation of EVs' charging. Studies have been investigated in the EV-SWPT application, including improvements of efficiency [10] , misalignment [11] , design of the magnetic coupler structure [12] , and power flow control [13] . Compared to the EV-SWPT, EV-DWPT may potentially eliminate existed challenges associated with range anxiety and bulky batteries.
An EV-DWPT system, in which a pick-up coil is embedded under the EV, and a series of coils/pads or a long track coil are installed on the roadway can wirelessly supply electrical energy to a moving EV in real-time. As shown in Fig. 2 , there are n primary devices, each of which is comprised of one inverter, one resonant network, and one primary coil. All primary devices, which are paralleled to each other are connected to the Grid. The secondary side is made up of the rectifier, the resonant compensation network, and the receiver coil. The EV receives the power from the primary coils sequentially when it's in motion. The coils are dynamically switched on or off according to the EV position. Bloger [14] developed an 8 kW EV-DWPT system in 1979, which opened up the research of this technology. In 1997, with cooperation from the University of Auckland, Wampfler AG realized a fast charging DWPT system with the output power of 30 kW and a charging time of only 2 to 3 minutes. Korea Advanced Institute of Science and Technology (KAIST) began to investigate the EV-DWPT since 2009 [15] , and they have proposed a 5 th generation prototype, considering the construction cost, magnetic coupler, and parameter optimization. The maximum output power reached to 25 kW, and the efficiency was about 80%. Oak National Laboratory developed an EV-DWPT system using coil array, and achieved lower EMC (Electro Magnetic Compatibility) and EMF (Electric and Magnetic Fields) values [16] . Li and Mi [17] developed a 1-MW DWPT system for the high-speed train, which consists of a 128 m long transmitter and four pickups. The measured efficiency at 818 kW output power point for 5 cm air gap was 82.7%. Li et al. [18] proposed a double-sided LCC compensation network and its tuning method. Besides, a 7.7 kW EV-DWPT system with 96% efficiency was conducted. Although a considerable number of works have been focused on the high-level output power, resonant compensation topologies, and transmitter coil design etc., the output power stability caused by the transmitter coil switching needs to be further investigated.
Considering previous needs and motivations, this paper extends and develops the work presented in [19] . The objective of this paper is to analyze performance of the EV-DWPT system with crossed DD coils and double-coil excitation strategy based on the previous work.
This paper is organized as follows. In Section 2, the circuit topology of the system is analyzed and the double-side LCC resonant networks are introduced. In Section 3, the Crossed DD coil geometry with double-coil excitation strategy is proposed to reduce fluctuations of the mutual inductance variation, so as to improve the system output stability. In Section 4, the simulation and experimental results are presented and discussed. Finally, the paper is concluded in Section 5.
II. CIRCUIT TOPOLOGY ANALYSIS
The LCC resonant network has been widely used in EV-SWPT and EV-DWPT systems owing to its outstanding performance [20] . Firstly, compared to the traditional LC type, only EV consumes the active power in the LCC EV-DWPT system. Moreover, the current in the primary-side coil is independent of the load condition. Besides, the LCC resonant network has been one of the normalized candidates for an EV-SWPT system with the development of SAE 2954, ISO 19363, and IEC 61980. The equivalent circuit of LCC-LCC WPT system is shown in Fig. 3 . U in represents the voltage input of the inverter, U AB and U ab represent the input and output voltage of the LCC-LCC resonant network, respectively. L fp , L f s , C f 1 , C f 2 , C p , and C s are the compensation inductors and capacitors. I fp is the input current of primary resonant network and I fs is the output current of secondary resonant network, I p and I s are the currents of the transmitter coil and receiver coil, respectively. L p and L s are the inductive impedances of the transmitter coil and receiver coil, respectively. M is the mutual inductance of L p and L s . R L is the resistance of the load, I R and U R separately represent the current and voltage of the load R L . To simplify the equation derivations, the resistance of all the compensation inductors and capacitors are ignored, and only the fundamental harmonic is considered herein. Based on the Reflected Impedance Theory as well as Kirchhoff's VOLUME 6, 2018 Laws in Circuit Analysis, currents and voltages on both sides can be expressed as:
(1)
Equation (2) indicates that the transmitter current I p is independent of the mutual inductance M and the load R L . Consequently, the system performs the constant transmitter current characteristic, which can avoid the primary current from increasing sharply when EV moves to next primary coil. This is really important for the dynamic wireless charging for EV.
Furthermore, the system output power and efficiency can be obtained as:
According to Equations (5) and (6), the output power and efficiency are related to the series inductance L fp and L fs , which should be considered as optimization parameters in the EV-DWPT system. To analyze the relationship among these three variables (M , f , and R L ) and the output power and efficiency, simulations with parameters in Table 1 had been carried out. Fig. 4 presents the system output power and efficiency considering operation frequency f , mutual inductance M and load resistance R L . It can be seen that the output power and the efficiency are mainly influenced by the mutual inductance M . Fig. 4(a) and Fig. 4(b) show that M has a strong and positive correlation with the output power, which means M should be designed to be large enough in order to achieve the acceptable output power. Meanwhile, according to Fig. 4(c) and Fig. 4(d) , it is clear that with the increase of M , the efficiency presents paraboloid characteristics. The efficiency firstly increases in the range of M = [1, 15] µH, then remains steady. Taking into account, comprehensively including the output power and efficiency, we should design a reasonable range of M .
III. PRIMARY COILS EXCITATION METHOD
The primary coils and secondary coil make up the magnetic coupler. To improve the dynamic performance of the magnetic coupler in the EV-DWPT system, the primary coils should be designed well and should achieve high output power, high efficiency, and low EMF. Based on the coil structure types, the magnetic coupler for the EV-DWPT system can be classified into two categories. One is the long rail, and the other is coils array. Long rail suffers from the large EMI and low efficiency issues, so the coils array is more attractive. Circular coils and Double D (DD) coils are the two commonly used coil types (segmented rails). Compared to the Circular coils, the DD coils have a higher coupling coefficient and a higher offset tolerance. However, it still has such a feature that the mutual inductance drops dramatically when EV moves into the switching area, making EVs fail to achieve enough power. In order to solve these problems, the Crossed DD primary coils geometry and its double-coil excitation strategy are investigated in this paper. The Crossed DD magnetic coupler and pick-up coil, as well as their dimensions are shown in Fig. 5 . Two coils with a crossed area of half size of the coil length consist a crossed DD primary coil pair, which is activated by a primary inverter. Fig. 6 presents two different kinds of coil excitation strategies, namely single-coil excitation and double-coil excitation. Different color coils and relative mutual inductance curves are given in this figure to make them be presented more clearly. When EV moves along with each primary coils pair, the mutual inductance M firstly increases from a value approximating to zero to a maximum value, then drops to nearly zero with a symmetric opposite tendency. At each switching point, the working coil is changed, which means that different corresponding coils are turned OFF or ON at this particular time. The conventional single-coil excitation method is shown in Fig. 6(a) . It can be seen that the mutual inductance varies from 6 µH to 12 µH. As discussed in the above section, mutual inductance is one of the most critical electrical parameters for the EV-DWPT system to guarantee the output power stability. Therefore, the double-coil excitation method is proposed in this paper, which is shown in Fig. 6(b) . In Fig .6(b) , it can be seen that the mutual inductance varies in the range of [12, 12.4] µH.
In Fig. 6 , 'coil 1, 2' means that the 1 st and 2 nd coils are turned ON (excited mode) to supply power to the EV at that period, meanwhile, other coils are turned OFF (stand-by mode). When EV reaches the switching point x 1 , the 1 st coil is switched to stand-by mode, while the 3 rd coil is switched to excited mode, and the 2 nd coil is still kept in its original operating mode.
The equivalent schematic of the EV-DWPT system using the double-coil excitation method is shown in Fig. 7 , where I p1 and I p2 represent the transmitter currents in the first and second primary coils respectively, I fp1 and I fp2 represent the total currents of two primary inverters, I s represents the receiver current of the pick-up coil, M 1s and M 2s represent the mutual inductance between the first primary and second primary coil and pick-up coil, respectively. M 12 represents the mutual inductance between the two adjacent primary coils. As analyzed in our previous work [19] , the adjacent mutual inductances can be ignored in the proposed EV-DWPT. Consequently, some relevant currents and voltages can be derived as:
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More details regarding to the inverter topology used in this EV-DWPT system can be found in [21] . In order to control the output voltage and power, two primary resonant network input currents, I fp1 and I fp2 should be in the same phase. The angle of these two currents with input voltage U AB can be expressed as:
Re Z px (8) where Z px (x = 1, 2) represents the total primary reflected impedance. For LCC-LCC resonant type, Z px can be derived as:
where,
When the system operates in resonant frequency, Z p can be written as,
The value of the phase angle is fixed under this condition. Fig. 8 shows the relationship between the phase angle and the operating frequency when the system does not work in resonant frequency. In Fig. 8 , it is clear that the phase angle is independent of the mutual inductance when operating frequency is equal to the resonant frequency. On the contrary, the phase angle fluctuates with M when the system operates at non-resonant frequency point. At the switching points using the double-coil excitation method, because the M 1s and M 2s are not the same, the phase angle cannot be of the same value. Therefore, in order to transfer the power stably, the system should work in the resonant frequency, and the total output current of the inverter I fp can be expressed as:
The total output power P out can be obtained as:
And the output power divided by the total consuming power yields the efficiency η (14) , as shown at the bottom of the next page.
Using the above simulative mutual inductance values shown in Fig. 6 , the dynamic variation curves of primary inverter output current, system output power, and the efficiency can be drawn as shown in Fig. 9 .
In Fig. 9 , the black solid curves represent results of the proposed double-coil excitation method, while the red dashed lines represent that of the conventional single coil excitation method. It is indicated that compared to the single-coil excitation method, the EV-DWPT system with the double-coil excitation method, performs more stable output power with higher efficiency.
IV. SIMULATIONS AND EXPERIMENTAL RESULTS
In order to verify the feasibility of the proposed EV-DWPT system, simulations are conducted in this Section. On the one hand, using the Ansys Maxwell software, the magnetic flux in one switching point with different coil geometries and coil excitation methods are compared to each other. On the other hand, the simulative analysis of the proposed EV-DWPT system was performed using the ANSYS Simplorer and Maxwell co-simulation method. Fig. 10 shows the magnetic flux distributions of the pick-up coil at the switching point using different coil configurations and excitation methods. Fig. 10 (a) and (b) reveal that compared to the conventional DD coil type, more magnetic flux can be obtained with the proposed Crossed DD coil geometry. Fig. 10(c) indicates that the double-coil excitation method produces greater magnetic flux through the pick-up coil, which means more energy could be transferred to the EV. Besides, the magnetic flux distribution is more uniform as using the proposed magnetic coupler design, including Crossed DD coil configuration and the double-coil excitation method. Fig. 11 shows the compensation network current waveform in the primary side of the EV-DWPT system. The blue one represents the LCC resonant input current, which is injected to the first excitation coil, while the yellow one indicates that injected in the second excitation coil. Each waveform involves four stages, including stand-by, ascending working, descending working and stand-by, respectively. Furthermore, I p2 lags behind I p1 for the half of one working period. . 12 shows the transmitter currents in the two excitation coils. The purple waveform represents the first excitation coil current in double-coil strategy, while the yellow one represents the second coil current. It can be seen that the transmitter current value remains constant when the coil is working, indicating that the EV-DWPT system with the LCC-LCC resonant network has the constant primary current characteristic, which is benefit for system controlling and overcurrent protection. To further evaluate the advantages of the proposed system, a 50 meters EV-DWPT system prototype was constructed as shown in Fig. 13 , which included the conventional DD and Crossed DD coil types.
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Figs. 14 and 15 show the current and voltage waveforms in both primary and secondary circuits during the charging process. The blue waveforms represent the voltages, and the red ones are the current waveforms. The output power values for the two coil geometries are assumed to be the same.
As seen in the Fig. 14 (a) -(c), in the non-switching area, the output power was set as 4.07 kW (shown in the Fig. 14(c) , the output voltage was 251 V, the output current was 16.2A). For the Crossed DD type, as shown in Fig. 14(a) , the input voltage effective value U AB multiplied by the input current effective value I fp equals 5.13 kVA (the voltage was 421 V, and the current was 12.2 A). For the DD type, as shown in Fig. 14(b) , the product of the input voltage effective value and input current effective value was 5.36 kVA (the voltage was 432 V, and the current was 12.4 A).
Because phase difference exists between the input voltage and current of the resonant network, product of these two values does not yield the primary input power. In order to get the real values of the power, Power Analyzer was adopted during the experiments. For the Crossed DD type, the input power was 4.57 kW (the voltage was 219 V, and the current was 20.87 A), the system efficiency was 89.2%. For the DD type, the input power was 4.60 kW (the voltage was 220 V, and the current was 20.92 A), the system efficiency was 88.5%. It is indicated that, for these two different coil geometries, the system performs the similar characteristics when the output power values were the same.
Furthermore, the system characteristics in the switching area were also analyzed. The output power values for the two different coil geometries are still the same (3.79 kW). The waveforms are given in Fig. 15 . It can be seen that, in the switching point, the system efficiency using the proposed Crossed DD geometry was 88.7%, while the value with the conventional DD type was 81.2%. In other words, the crossed DD geometry with double-coil excitation can significantly improve the system efficiency at switching point by 7.5% compared to the conventional DD coils. Table 2 summarizes the experimental results considering the switching and non-switching areas. With all of the above experimental results, it can be concluded that compared to the DD coil, the Crossed DD geometry has a higher efficiency when the output power values are set to be the same, especially at the switching point. Besides, for the crossed DD geometry with double-coil excitation, the system efficiency is nearly invariable regardless of the EV position. However, for the conventional DD coils, the efficiency is greatly decreased when the pick-up coil moves from the non-switching area to the switching area.
V. CONCLUSIONS
Stable output is a greatly critical issue for the EV-DWPT system. However, the output of a practical EV-DWPT system is influenced by factors, such as mutual inductance, resonant compensation topology, and load resistance. In this paper, the double-side LCC resonant network was adopted to obtain the constant primary current characteristic. A crossed DD coil geometry with double-coil excitation method was proposed to reduce the mutual inductance fluctuation, so as to guarantee the output stability, including the output power and the efficiency. Simulations and experimental results revealed that the system efficiency with the crossed DD geometry and double-coil excitation is nearly invariable (from 89.2% to 88.7%) regardless of the EV position, while that with the conventional DD coils is greatly decreased (from 88.5% to 81.2%) when the pick-up coil moves from the non-switching area to the switching area. It is concluded that the proposed crossed DD geometry with double-coil excitation can greatly improve the system output stability compared to the conventional DD geometry.
